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Abstract
For the present study, the activated carbon were obtained from Lotus corniculatus L. as waste biomass using carbonization 
at 700 °C and alkali potassium hydroxide (KOH) chemical activation technique. Single gaseous benzene (C6H6) adsorption 
(SGBA) experiments were performed to benchmark the efficiency of the L. corniculatus-derived activated carbons (LCACs), 
which were LCAC2 (609 m2 g−1, KOH 1:2 w/w), LCAC3 (742 m2 g−1, KOH 1:3 w/w), and LCAC4 (826 m2 g−1, KOH 
1:4 w/w), respectively. Also, the physicochemical properties of LCACs were characterized by Fourier Transform Infrared 
Spectroscopy (FT-IR), thermogravimetric analysis (TGA), scanning electron microscopy (SEM), and proximate-elemental 
assessment. The isotherm models (Langmuir and Freundlich) of C6H6 demonstrate the complex adaptation results of LCAC4 
at different relative humidity (RH) levels, and Freundlich isotherm is highly suitable to C6H6/LCAC4 as multilayer adsorp-
tion. Kinetic behavior was also analyzed and showed that of C6H6 is well illustrated by the pseudo second order (PSOM). 
The C6H6 competitive adsorption of LCAC2, LCAC3, and LCAC4 at 25 °C + 0 RH%, 25 °C + 80 RH%, 45 °C + 0 RH%, 
and 45 °C + 80 RH% corresponds to reductions of 12.9–11.6%, 7.8–11.5%, and 9.9–18.4%. The LCAC4 is confirmed to be 
a perfect adsorbent in the elimination of a single gaseous stream at 45 °C + 0 RH%. Regeneration showed that the LCAC4 
maintained more than 25% of the initial adsorption capacity after five repeated adsorption–desorption cycles. The promising 
properties of LCAC4 are recommended to be exploited for the other volatile organic compounds in the gas phase in indoor 
environments, under the best conditions.

Keywords  Adsorption mechanism · Biomass processing · Enhanced capture · Sustainable carbonaceous material · Toxic 
vapor

1  Introduction

Air pollution with various chemicals, including gas emis-
sions, both biogenic (volcanoes and forest fires) and anthro-
pogenic (crude oil, gasoline, and industrial process), has 
caused the formation of large quantities of volatile organic 
compounds (VOCs) [1]. Indoor Air Quality (IAQ) has been 
affected by building materials that transmit and distribute 
VOCs [2], which originate from indoor contaminants [3] 
and are defined as concern organic compounds based on 

the United States Environmental Protection Agency [4]. The 
agencies generally indicate a vapor pressure of 0.01 kPa at 
19.85 °C [5] and larger than 0.0133 kPa at 24.85 °C [6]. 
These pollutants, with respect to their low boiling points, 
create severe risks to the environment and human well-
being worldwide, by World Health Organization [7], very 
volatile (< 0 to 50–100 °C), semi-volatile (240–260 °C to 
380–400 °C), and VOCs (~ 50 to 260 °C). They are dis-
persed throughout the ambient atmosphere by various forms 
of aromatic hydrocarbons (AHs), halogenated organic com-
pounds (HOCs), organic alcohols (OAs), saturated/unsatu-
rated hydrocarbons (SHs/USHs), and sulfur compounds 
(SCs) [8, 9]. Besides them, organic compounds such as ben-
zene (C6H6, molecular weight: 78.11 g mol−1, lifetime: few 
hours, with a sweet odor level of 4.785 mg m−3) [10], which 
demand special attention in the vapor phase in the ambi-
ent air due to their toxicity, persistence, bioaccumulation, 
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categorized within human carcinogens [11], and exposures 
via oral as well as inhalation [12]. It is largely found that 
their level is significantly high in some sectors, including 
plastics-synthetic fibers/products, resin synthesis, rubber 
blends, dye solution, synthetic detergent, drug design, pes-
ticide factories, and cigarette smoke [13]. These sources 
can be more effective with increased ambient temperature 
in indoor air and an annual limit value of 5 μg m−3 pre-
scribed in European Union Directive 2008/50/EC on outdoor 
air quality [14]. Therefore, removing benzene from gaseous 
waste is crucial to preserve public health and the surround-
ing communities.

Several methods for vapor benzene removal, such 
as catalytic oxidation [15], membrane technology [16], 
catalysts [17], photocatalysis [18], non-thermal plasma 
oxidation [19], and adsorption [20], have been introduced. 
Amongst, adsorption is considered as one of the highly 
attractive and cost-effective processes, due to its simplicity, 
efficiency, low cost, and recyclability of the adsorbent. 
Indeed, adsorption technology treats air control management 
using a medium that adsorbs gas-phase substances. Materials 
are referred to as adsorbents and range in composition, 
structure, texture and their application. Some widespread 
examples of adsorbents are biochar [21], activated carbons 
(ACs) [22], silica gel [23], polymers [24], carbon composite 
[25], zeolites [26], and resins [27]. Among them, activated 
carbon (AC) is commonly recognized as an efficient 
adsorbent for VOC remediation due to its relatively higher 
surface area, permeability, and sorption capability [28, 29]. 
Many scholars have applied chemically produced activated 
carbon to optimize the production of AC by waste lignin 
material [30]. Obtained AC samples have high surface area 
and showed excellent performance in removing several 
VOCs from the gaseous phase under different humidities, 
temperature, etc., with several removal efficiencies for 
pre-equilibrium adsorption assays. However, a better 
understanding of the adsorption mechanisms underlying this 
performance is fundamental, and kinetics is a key metric 
in characterizing adsorption processes [31]; identifying 
the uptake rate, it provides information on the adsorption 
mechanism, surface reactions, mass transfer and diffusion 
of the adsorbate in the process [32]. The adsorption 
isotherms are valuable and show the equilibrium interaction 
between the adsorbate molecules and the adsorbent [33], 
which represents the maximum adsorption capacity 
(MAC) possibility, as it reflects the nature and intensity of 
adsorbate-adsorbent reactions [34, 35]. Operational data 
can better clarify adsorption mechanisms, including dosage 
impacts, desorption studies, post-adsorption experiments, 
and surface chemistry analyses [36].

Unfortunately, AC is typically sourced from non-
renewable materials such as coal and petroleum coke, which 

are costly and create significant environmental issues. 
Hence, there is increasing attention to improve AC from 
biomass materials that are both renewable and low-cost, 
such as organic residues [37, 38]. One of such material 
is lignocellulosic waste material, an agricultural residual 
that has a high carbon content which Lotus corniculatus 
L. (bird’s foot trefoil) (Fabeaceae) plants are considered 
good candidates for waste biomass use and recycling to 
activated carbon production in our study. It spontaneously 
grows in various natural habitats and remains idle in the 
environment.

This paper mainly aims to synthesize and qualify ACs 
from Lotus corniculatus (LC) as a precursor for the sin-
gle gaseous benzene adsorption (SGBA), since benzene 
is partly chosen as a model contaminant because of its 
widely utilization in indoor air and its negative effects 
on human, if released into the indoor environment with-
out treatment. The LCACs were adequately evaluated by 
Brunauer–Emmett–Teller (BET), Fourier Transform Infra-
red Spectroscopy (FT-IR), Laser Raman Spectrophotom-
eter, N2 adsorption/desorption, Scanning Electron Micros-
copy (SEM), and Thermo-gravimetric analysis (TGA). The 
adsorption capacities of several LCACs from benzene vapor 
were studied, namely, as LCAC2, LCAC3, and LCAC4, 
which has become an attractive strategy for a comparison 
of the solid binding force of benzene molecules. Also, we 
investigated the adsorption kinetics, isotherms, and behav-
ior of SGBA by LCAC4, addressing (i) the lack of com-
prehensive understanding of the adsorption processes and 
mechanisms pathways of benzene removal by LCAC4, 
(ii) comparison of the adsorption performance of LCAC4 
under experimental design parameters, (iii) the regenera-
tion capacity of LCAC4 were employed. This paper not only 
reveals excellent perspectives for the treatment of benzene 
molecules but also indicates the prospective application of 
LCACs for indoor air pollution control.

2 � Experimental section

2.1 � Materials

Lotus corniculatus L. (Fabaceae) waste biomass (LCB) 
was acquired from Kastamonu, Türkiye, and it was used in 
this study as a precursor. The potassium hydroxide (KOH, 
99.99%) was supplied from Merck; benzene (C6H6, 99.8%) 
was purchased from Sigma-Aldrich. The experiments were 
conducted by nitrogen (N2) ≥ 99.9% and distilled water hav-
ing a conductivity < 1 µS cm−1 and chemicals were applied 
as purchased. The 0.1 M HCl solution was used for pH 
adjustments, using the analytical-grade materials purchased 
from Merck.
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2.2 � Preparation of porous carbons

The manufacturing of activated carbons (LCACs) was car-
ried out in two major phases: (i) preparation of LCBs for 
synthesis and (ii) chemical activation processing. The LCBs 
implemented sequentially as follows: (i) resized down to 
about 1 × 1 cm, (ii) rinsed in distilled water, (iii) dried at 
55 °C for seven days, (iv) grounded with milling, (v) sieved 
with 60-mesh, and (vi) powdered LCB was mixed with KOH 
impregnation weight ratio (IWR) of 1:2, 1:3, and 1:4 w/w, 
which can destroy the carbon layer structure of LCB. They 
were stirred until paste at 180 °C for 2 h. Dry blend was 
received in a high-temperature resistant tube reactor, including 
horizontal tubular furnace, under the (N2) flow at a 110 mL/
min flow rate and activated at 700 °C for 2 h. After carboniza-
tion, the produced blend cooled down, was washed several 
times with 0.1 M HCl, and was rinsed with distilled water until 
the pH was roughly ∼7. They were separated using a 0.45 µm 
filter and were dried at 105 °C for 48 h. Eventually, the LCACs 
were labeled appropriately in Table 1.

2.3 � Textural characterization of LCACs

N2 adsorption/desorption isotherms were used to evaluate the 
porous structure of LCACs, and it is specified at − 196 °C by 
an Autosorb-1-C (Quantachrome Instruments, United States). 
The Brunauer–Emmett–Teller (BET) equation was applied to 
predict the surface area (SBET m2 g−1) and to define the total 
pore volume (VT cm3 g−1). They were obtained by properly 
matching the liquid volumes of N2 to the number adsorbed at 
a relative high pressure (P/P0 of 0.99) [39]. The micropore vol-
ume (Vµ cm3 g−1) was obtained by the Dubinin-Radushkevich 
(DR) equation, and the mesopore volume (Vm cm3 g−1) was 
considered as the space between VT and Vµ cm3 g−1 [40]. The 
average pore diameter (dp nm) was determined by the equa-
tion dp = 4VT/SBET. The pore size distribution of the LCACs 
was described by Barrett–Joyner–Halenda (BJH) method [41]. 
The surface morphology of LCACs was characterized under 
argon conditions using an SEM Quanta 250™ FEG instrument 
at 5000 × magnification. The elemental compositions of the 
LCACs were identified by EuroVector’s EA3000 elemental 
analyzer according to ASTM D5291-96 [42]. The LCACs 
were analyzed for their Raman spectra using Jasco NRS-4500 
spectroscopy suite software. The surface organic functional 
groups analysis was acquired using a PerkinElmer Spec-
trum100 Fourier transform infrared spectroscopy (FT-IR) by 

the KBr method. The thermogravimetric analysis (TGA) of the 
biomass composition was investigated by the Shimadzu DTG-
60H model thermal analyzer starting from 25 up to 600 °C in 
an inert ambient (heating rate of 10 ºC min−1 and flow rate of 
50 mL min−1).

2.4 � SGBA assays

Adsorption experiments of benzene were done at 25 and 
45 °C, 0 and 80% relative humidity (RH), 1-h contact time 
with various beginning concentrations (ranging between 10 
to 400 mg/L) and 250 mg of LCAC2, LCAC3, and LCAC4 at 
batch adsorption reactor. Preliminary experiments indicated 
that this residence time assured the adsorption equilibrium, 
following the procedure already detailed. After equilibrium 
concentrations, benzene vapor in the batch reactor was col-
lected rapidly with Tenax®-TA sorbent tubes. It was deter-
mined with a chromatography/mass spectrometry detector 
(GC–MS Thermo Scientific Trace 1300) based on the US EPA 
TO-17 Method [43]. The equilibrium SGBA capacities were 
explained with Eq. (1) in which Ci (mg/L) and Co (mg/L) refer 
to the benzene content at equilibrium conditions; in addition, 
the feeder flux rate (F) of 110 mL/min and 250 mg of LCAC2, 
LCAC3 and LCAC4 (W) were computed for applied adsorp-
tion reactions.

2.5 � Adsorption isotherm models and kinetics

Examining an isotherm is the pivotal step in gaseous adsorp-
tion systems design, which connects the benzene molecules 
and LCAC2, LCAC3, and LCAC4 in the gaseous environment. 
The MAC of the LCAC2, LCAC3, and LCAC4 were placed 
to the two non-linear isotherm models, namely Langmuir [44] 
and Freundlich [45]. The models were applied to describe if 
either the monolayer adsorption surface containing a limited 
number of adsorption sites in Eq. (2) is at play or the het-
erogeneous surface with adsorbent interactions with adsorbed 
molecules as multilayer adsorption in Eq. (3). The isothermal 
study shows adsorption equilibrium mechanism regarding the 
adsorption of benzene onto the LCAC2, LCAC3, and LCAC4.
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Table 1   The KOH impregnation 
weight ratios (IWR) used and 
dubbing LCACs

IWR (w/w) ACs ID

1:2 LCAC2
1:3 LCAC3
1:4 LCAC4
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where qm (mg g−1) is a vital variable indicating the MAC for 
the LCACs used for the remediation of benzene evaporation 
in the Langmuir model; Ce (mg/L) refers to the equilibrium 
concentration; KL (L/mg) is the constant of adsorption equi-
librium, which highlights the affinity of adsorption sites of 
the LCACs (L/mg); Kf  (mg/g) is the Freundlich constant, 
correlated to binding energy, and corresponds to benzene 
molecules onto the active regions of the LCACs at equilib-
rium condition of the adsorption step; and n (L g−1) is the 
parameters of heterogeneity.

To investigate the adsorption kinetic behavior, pseudo 
first order (PFOM) in Eq. (4) and pseudo second order 
(PSOM) in Eq. (5). In this work, it was adopted to model 
kinetic data [46, 47].

where k1 and k2 are the PFOM unit constant (min−1) and the 
PSOM rate constant (min−1).

2.6 � Thermodynamic study

Thermodynamic variables, including standard enthalpy 
change (ΔH°, kJ mol−1), standard entropy change (ΔS°, 
kJ mol−1), and standard Gibbs free energy change (ΔG°, 
kJ mol−1), are used to investigate the spontaneity, to iden-
tify the nature of the mechanism and heat change in the 
gas adsorption [48]. From the following statements, the 
parameters can be targeted within Eq. (6)–(9).

where CAe defines the adsorbed benzene onto the LCACs 
by liter of the reactor at equilibrium (mg/L), R represents 
the gas constant (8.314 kJ mol−1), T characterizes the tem-
perature (K), and Kc illustrates the equilibrium constant. 
To obtain ΔH° and ΔS° values, the slope and intercept of 
the log Kc versus 1/T plot are used. All these findings con-
firm that the adsorption data are described optimally by the 
PSOM for the SGBA onto LCACs.

(4)qt ∶ qe(1 − e−k1t)

(5)qt ∶
k2qet

1 + k2qet

(6)Kc ∶ CAe∕Ce

(7)ΔG◦ ∶ −RTlnKc

(8)ΔG◦ ∶ ΔH◦ − TΔS

(9)LogKc ∶ (ΔS◦∕2.303R) − (ΔH◦∕2.303RT)

3 � Results and discussion

3.1 � Textural and morphological characteristics

Determination of the pore structure of LCAC2, LCAC3, 
and LCAC4 that N2 adsorption isotherms at − 196 °C gave 
information of LCACs textural properties using BET equa-
tion in Fig. 1 [49]. Sources from the IUPAC [50], LCACs 
isotherms are clearly type IV, suggesting more mesopores 
than micropores as the dp of LCAC2, LCAC3, and LCAC4 
are 2.63, 2.52, and 2.19 nm, which is characterized with cap-
illary condensation by the occurrence of a benzene meniscus 
[51, 52]. Apparently, N2 uptake enhanced with increased 
KOH-IWR (1:2, 1:3, 1:4 w/w). The porous texture is formed 
steadily, and the isotherm type is mainly related to the 
mesoporous structure (2–50 nm), which LCAC2, LCAC3, 
and LCAC4 have pronounced H4 hysteresis loop and is con-
nected to capillary condensation occur in the mesopore [53]. 
Additionally, the preliminary section of the N2 isotherms 
has significant N2 uptake at very low relative pressures (P/
P0 < 0.01), favorable for adsorption on microporous ACs 
[54, 55]. The mesoporosity of LCACs improves because the 
KOH, as a dehydrating agent, initially interacts with lignin 
and hemicelluloses to create the mesopore structure [56]. 
Related results have been described by previous researchers 
[57, 58].

The elemental composition of LCB, LCAC2, LCAC3, 
and LCAC4 was characterized, in which the fraction of car-
bon (C), nitrogen (N), sulfur (S), and hydrogen (H) elements 
was assessed and oxygen (O) element was measured by the 

Fig. 1   (a) N2 adsorption/desorption isotherms at − 196  °C and (b) 
pore size distribution of LCACs
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difference in Table 2. This result shows that ultimate analysis 
for LCB was 46.3 wt% C, 4.7 wt% H, 0.6 wt% N, 0.8 wt% 
S, and 47.6 wt% O. The C wt% of LCB increased from 46.3 
to 79.1% after activation and carbonization processes, the N 
wt% increased from 0.6 to 5.8% with the use of carboniza-
tion processes, the amount of H wt% was between 2.1 and 
4.7% and the sulfur was between 0.8 and 1.9%. There is no 
clear order, but the decrease in the amount of oxygen from 
47.6% to 11.1% is due to the burning of oxygen in the forma-
tion of the samples. Analyzing the proximate of LCB was 
performed using the ASTM D 3172–3175 [6] standard pro-
cedure, which contains 14.8 wt% moisture, 54.9 wt% volatile 
matter, 22.7 wt% fixed carbon, and 7.6 wt% ash.

The use of activation temperature (ACT) accelerates the 
process of dissolution and thermal degradation of LCACs. 
This causes an increase in SBET and pore formation in 
Table 3. The SBET of the LCACs significantly with increas-
ing from 609 to 826 m2 g−1. The highest SBET of the LCACs 
is provided at the LCAC4 (ACT at 700 °C and IWR of KOH 
1:4 w/w). Numerous researchers present favorable trend out-
comes also obtained for the impact of ACT on SBET by KOH 
activation pretreatment of other feedstocks [59]. For the sake 
of comparison, SBET and Vµ of LCAC2, LCAC3, LCAC4 
were 609, 742, and 826 m2 g−1, 0.237, 0.296, and 0.386 
cm3 g−1. Samiyammal et al. [60] produced CNSAC from 
cashew nut shell at 600 C by 1:1 and 1:4 w/w KOH and SBET 
were found to be 297.10 m2 g−1 and 407.80 m2 g−1. The SBET 
of LCACs is higher than CNSAC. The total pore volume 
(VT cm3 g−1) of the LCACs is depicted to increase approxi-
mately threefold from 0.321 to 0.454 cm3/g with increasing 
both IWR of KOH. The dp dwindled from 2.63 to 2.19 nm 
with increasing IWR, and LCACs are mostly microporous, 
although mesopores are also designed, which is necessary 
to facilitate the penetration of numerous molecules into the 
carbon matrix [61]. Similar trends are reported in previous 
works by Abdel-Ghani et al. [62], Li et al. [63], and Singh 
et al. [64].

The development of porous LCACs has been mixed with 
gasification under primary reactions. Also, KOH activation 
as a pore expander process created a slightly higher porosity 
[65, 66], while were formed three main stages [67]: (i) gasi-
fication of carbon increases porosity and releases H2O and 
CO2, (ii) appearance of the pore skeleton leads to the etching 
of the carbon skeleton and the formation of K2O and K2CO3, 
and (iii) formation of metallic K, new pores are formed and 
existing pores are stretched [68]. Equations (10)–(12) are 
depicted [69] in three stages, and the formation of K2O and 
K2CO3 by redox reactions can moderately erode the carbon 
skeleton when the temperature reaches 700 °C. An important 
factor here is the presence of a large number of micropores 
not only on the surface but also in the interior of the carbon, 
resulting in a hollow and crumbling structure with a high 
micropore/mesopore ratio at these temperatures [70].

3.2 � Surface chemistry properties

Several essential variables can significantly regulate the 
properties of the porous structure of LCAC2, LCAC3, and 
LCAC4, such as oxidant concentration, IWR, carboniza-
tion temperature, and activation time. Many scholars con-
cluded that the surface chemistry and porosity of AC have 
a significant effect on its characteristics. In this study, the 
IWR and the adsorption process to benzene were analyzed 
repeated three times with a relative standard deviation of less 
than 10%. Furthermore, the produced AC was thoroughly 

(10)
2KOH → K2O + H2O, H2O + C → CO + H2, CO + H2O → CO2 + H2

(11)
CO2 + K2O → K2CO3, K2CO3 → K2O + CO2, CO2 + C → 2CO

(12)
K2O + 2C → K + 2CO, and K2CO3 + C → 2K + 3CO

Table 2   Elemental and 
proximate analysis (wt %) of 
LCB and LCACs

Samples Elemental analysis Proximate analysis

C N H S O Moisture Volatile matter Fixed carbon Ash

LCB 46.3 0.6 4.7 0.8 47.6 14.8 59.9 22.7 2.6
LCAC2 78.2 4.5 2.1 0.7 14.5 8.45 17.03 70.63 3.89
LCAC3 74.9 3.7 4.5 1.9 15 7.68 16.52 71.25 4.55
LCAC4 79.1 5.8 2.8 1.2 11.1 3.37 18.97 73.46 4.20

Table 3   Properties of pore 
textures of LCACs

Samples SBET (m2 g−1) Vµ (cm3 g−1) Vm (cm3 g−1) VT (cm3 g−1) Vµ/VT (%) dp (nm)

LCAC2 609 0.237 0.084 0.321 73.8 2.63
LCAC3 742 0.296 0.091 0.387 76.5 2.52
LCAC4 826 0.386 0.068 0.454 85 2.19
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fabricated and characterized using FT-IR, Ramani elemental 
analysis, SEM, TGA, and N2 adsorption.

The influence of 1:2, 1:3, and 1:4 (w/w) KOH-IWR at 
the ACT of 700 °C on the surface functional group is dem-
onstrated by the FT-IR spectra in Fig. 2. LCB, without heat 
treatment, contains various amounts of volatile and organic 
compounds. The FT-IR spectrum of LCAC2, LCAC3, and 
LCAC4 show broadband absorption peaks starting around 
3470–3300  cm−1 attributed O–H stretching vibration in 
cellulose, pectin, absorbed water, hemicellulose, and lignin 
[71, 72] and C–H stretching in alkane, weak peak broadband 
around 2800 cm−1 presents is C–H stretching vibration in 
the methyl group [73], peaks around 1650–1550 cm−1 cor-
respond to the C = C stretching for presence of aromatic or 
benzene rings in lignin, band at 1350–1000 cm−1 can be 
appointed to C–H stretching of carboxylic acids and alco-
hols, in the range of 900–600 cm−1 indicate diverse bands 
associated with aromatic, out of plane C = H stretching with 
numerous degrees of substitution [74]. Similar peaks were 
reported as ACs porosity and specific surface [75, 76].

The Raman spectra of LCACs revealed that LCAC2, 
LCAC3, and LCAC4 presented dichotomous D (disorder) 
and G (graphitization) bands in Fig. 3. The band positions 
and intensity ratio (ID/IG) that defines relative ratio of the 
irregular structure of turbostratic carbon to ordered graphite 
crystallites with lower ID/IG ratio (LCAC2: 1.09, LCAC3: 
1.12, and LCAC4: 0.94) are a reflection of higher aromatic 
ring structures and less carbon-containing defects [77] that 
promote the occurrence of surface oxygen functional groups 
for LCAC2, LCAC3, and LCAC4. However, the existence 
of both D and G bands in the Raman spectra of LCAC2, 
LCAC3, and LCAC4 is a recognition of heterogeneous car-
bon microstructures [78]. In addition, the overlapping of D 

and G bands in the Raman spectrum of LCAC2, LCAC3, 
and LCAC4 is evidence of the highly amorphous carbon 
structures [79]. The D-band locations for LCACs were 
between 1304 and 1391 cm−1, which is attributed to struc-
tural defects. It is not found in perfect graphite, and micro-
structure occurs in a Raman active mode of approximately 
1350 cm−1 [80, 81]. This is an indication that the LCACs 
are not defect-free.

The thermal stability of the LCB and LCACs was inves-
tigated by thermogravimetric analysis (TGA) and presented 
in Fig. 4. The weight loss stages of LCB, LCAC2, LCAC3, 
and LCAC4 were observed with increasing temperature. The 
weight loss value of LCB started at around 200 °C due to 
its consisting of cellulose, hemicellulose, and lignin. How-
ever, total mass loss (predominantly cellulose) of LCAC2, 

Fig. 2   FT-IR spectra of LCACs

Fig. 3   Raman spectra of LCACs

Fig. 4   TGA analyses of LCB and LCACs
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LCAC3, and LCAC4 initiated from 370 to 630 °C between 
63 and 82 wt%. Compared to cellulose, lignin in biomass 
usually decomposes at a higher temperature so that the 
weight staying in the material following the second stage 
mainly includes lignin decomposition, the formation of car-
bon structures, and possible inorganic impurities [82].

Scanning electron microscopy (SEM) of the LCACs 
surface morphology is depicted the surface composition of 
LCAC2, LCAC3, and LCAC4 in Fig. 5. The result shows 
that the KOH activation process significantly impacts LCAC 
porosity and visible variations in the exterior surfaces of the 
LCACs. A study by Karimnezhad et al. [83] on the prepa-
ration of ACs from walnut shells presented that activation 
with ZnCl2 through chemical activation, compared to IWR 
of 0.5–2.0 w/w, with increasing IWR caused a successful 
pore development in ACs. External surfaces have evident 
spaces that can be caused by the evaporation of KOH dur-
ing carbonization [84], thus leaving cavities previously 
filled by the dehydrating agent. LCB image in Fig. 5a, even 
though there are no voids, no structures, and no pores of any 
kind, and that in Fig. 5b–d present that the surface of the 
LCAC2, LCAC3, and LCAC4 is very dense with both large 
and small pores, curvatures, pores and spongy white spots 
with occasional cracks in the carbon matrix. As the KOH 

ratio increases with (1:2 to 1:4 w/w), the SBET increases, 
as shown in LCAC4, but decreases in LCAC2. In previous 
literature, it has been shown that evaporation of dehydrating 
agent previously occupying voids or redundant activation 
agents still filling the pores of porous carbon has also been 
demonstrated by Chen et al. [85] and Li et al. [86].

3.3 � Mechanism of SGBA onto LCACs

The benzene competitive capacity for LCAC2, LCAC3, 
and LCAC4 at 25 °C + 0 RH%, 25 °C + 80 RH%, 45 °C + 0 
RH% and 45 °C + 80 RH% are given for binary adsorption 
in Fig. 6. The saturation capacity values of LCAC2, LCAC3, 
and LCAC4 at 25–45 °C under 0–80 RH% correspond to 
reductions of 12.9–11.6%, 7.8–11.5%, and 9.9–18.4%. 
These findings have to take into account the relevant loaded 
with different amounts. It is considered that the amount of 
adsorbed benzene molecules increases at the ambient tem-
perature of 45 °C, significantly higher than 25 °C. How-
ever, LCACs have the less adsorbed tendency to saturated 
pore filling under 80 RH% rather than 0 RH% conditions. 
This is not surprising because investigators were shown to 
decrease with increasing RH% in the ambient environment 
and reached equilibrium rapidly at deficient levels [87], 

Fig. 5   SEM images a LCB, b LCAC2, c LCAC3, and d LCAC4
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comparing benzene capacity at several conditions, includ-
ing temperature and humidity conditions represented by [88] 
and [89].

For steady-state conditions without benzene vapor, 
including LCAC2, LCAC3, and LCAC4, the experimental 
setup realized equilibrium adsorption. Experiments were 
applied to two-parameter Langmuir and Freundlich adsorp-
tion isotherms, which were among the best models for fitting 
the parameters and were investigated in all data sets. The 
initial concentration values for each kinetics and adsorption 
equilibrium compound were selected to closely approximate 
its existence in ambient indoor air in equilibrium and iden-
tify which type of conduct of the SGBA mechanism. The 
Freundlich isotherm, the empirical equivalent, hypothesizes 
that the sorption reaction occurs on heterogeneous interfaces 

and that there is no constant number of sites [86, 90]. KF 
values are increased, and 1/n values are decreased by rising 
surface temperature, implying that the adsorption capacity 
and the intensity of adsorption improve with increasing tem-
perature [91, 92]. Also, 1/n is a sign of normal Langmuir 
isotherm (1/n < 1) and cooperative adsorption (1/n > 1) [93]. 
Table 4 shows that n values are between 1.30 and 3.92, with 
relatively high R2 values (0.93–1.0) compared to Langmuir 
isotherm’s R2 values (0.75–0.99). The Freundlich isotherm is 
a convenient option for representing the experimental results 
of the investigated system under various origin conditions. 
As is known, temperature appears to be a vital factor in the 
adsorption mechanism [94]. Their stronger adsorption inten-
sity is achieved through higher temperatures, suggesting an 
endothermic character.

Fig. 6   SGBA capacities of 
LCACs a 25 °C + 0 RH%, b 
25 °C + 80 RH%, c 45 °C + 0 
RH%, and d 45 °C + 80 RH%

Table 4   Determined Langmuir and Freundlich non-linear adsorption model parameters onto LCAC4

Conditions Langmuir Freundlich

qm (mg g−1) KL (L/mg) R2 n KF (mg g−1)(L/mg)1/n R2

10 mg/L, 25 °C, 0 RH% 1.51 ± 1.32 0.173 ± 0.003 0.785 ± 0.003 1.30 ± 0.12 7.416 ± 2.57 0.953 ± 0.022
10 mg/L, 45 °C, 0 RH% 2.08 ± 1.88 0.163 ± 0.002 0.891 ± 0.017 1.316 ± 0.10 9.270 ± 1.93 0.965 ± 0.019
10 mg/L, 25 °C, 80 RH% 43 ± 1.88 0.86 ± 0.036 0.79 ± 0.014 2.30 ± 0.11 37 ± 0.58 0957 ± 0.003
10 mg/L, 45 °C, 80 RH% 47 ± 1.88 0.53 ± 0.058 0.75 ± 0.0013 3.92 ± 0.28 37 ± 0.69 0.931 ± 0.003
400 mg/L, 25 °C, 0 RH% 113 ± 1.88 0.62 ± 0.091 0.97 ± 0.001 1.75 ± 0.34 42 ± 0.27 1 ± 0.000
400 mg/L, 45 °C, 0 RH% 164 ± 1.88 0.19 ± 0.004 0.93 ± 0.001 1.81 ± 0.12 31 ± 0.38 0.96 ± 0.02
400 mg/L, 25 °C, 80 RH% 93 ± 1.88 0.95 ± 0.008 0.99 ± 0.001 1.73 ± 0.53 43 ± 0.57 1 ± 0.01
400 mg/L, 45 °C, 80 RH% 127 ± 1.88 0.63 ± 0.009 0.96 ± 0.003 3.21 ± 0.34 53 ± 0.69 0.98 ± 0.01



10083Biomass Conversion and Biorefinery (2025) 15:10075–10088	

3.4 � Adsorption kinetics and mechanism

Correlation of adsorption rate with controlling adsorp-
tion parameters can be studied by kinetics. The controlling 
mechanism of benzene for mass transfer and the chemical 
reaction was examined to fit the pseudo first order (PFOM) 
and pseudo second order (PSOM). The rate constant (k1) 
and correlation coefficient are listed in Table 5. The adsorp-
tion kinetics plays an essential role in describing adsorption 
behavior on the environmental application of the LCAC4, 
which was applied to kinetic experiments for the highest 
SBET and Vµ. The correlation coefficient for the PSOM 
kinetic model is 1.000 ± 0.0001, indicating a good PSOM 
fit to the experimental data.

3.5 � Thermodynamic studies

Thermodynamic features of SGBA on LCAC4 were investi-
gated under several conditions for Gibbs free energy (ΔG°, 
kJ mol−1), enthalpy (ΔH°, kJ mol−1), and entropy (ΔS°, 
kJ mol−1) by the following equations [95]. Table 6 shows 
thermodynamic results that the negative values of ΔG° 
(from − 21.02 to − 598.77) for all experimented tempera-
tures verify the SGBA onto LCAC4 are thermodynamically 
possible and inherently [96]; also, ΔH° values were 60.81 
at 25 °C, which is attributed to physical adsorption [97]. 
The positive values of ΔS° (from 0.27 to 96.28) indicate 
the increased randomness at the solid/gas interface during 
the adsorption of each compound on LCACs. Also, they 
reflect the affinity of LCAC4 to volatiles. It can be said that 
the SGBA on LCAC4 is a monolayer physisorption process.

3.6 � Regeneration study

Studying the reusability of LCACs for SGBA, five cycles 
of adsorption–desorption were performed with a sorbent 
tube filled 400 mg/L benzene with N2 stream at 200 °C for 
2-h and used LCACs as follows: (i) 25 °C + 0 RH%, (ii) 
25 °C + 80 RH%, (iii) 45 °C + 0 RH%, and (iv) 45 °C + 80 

RH% as given in Fig. 7. The adsorption capacity of LCAC2, 
LCAC3, and LCAC4 after the treatment at 25 °C + 0 RH%, 
25 °C + 80 RH%, 45 °C + 0 RH%, and 45 °C + 80 RH% 
decreased between Cycle–I and Cycle–V as 93, 116, 
152 mg g−1 to 40, 56, 82 mg g−1, 81, 107, 137 mg g−1 to 15, 
38, 42 mg g−1, 112, 131, 163 mg g−1 to 66, 60, 80 mg g−1, 
and 99, 116, 133 mg g−1 to 31, 25, 33 mg g−1. LCAC3 also 
demonstrated a mild downward slope concerning MAC after 
five cycles of 25–46%. Accordingly, most of the research 
on the regeneration potential of ACs derived from several 
carbonaceous feedstocks was observed to recover efficiently 
after three to five adsorption/regeneration cycles [98, 99]. 
For instance, Spessato et al. [100] reported that thermal 
regeneration cycles of the SAC were applied to recover 
adsorption capacity, which was restored after all cycles for 
the AC to regain its reusability by 31.92%.

4 � Conclusions

A comparative analysis of our results revealed that among 
the synthesized and evaluated three divergent LCACs 
mesoporous carbons, LCAC4 properties revealed that it 
is the best adsorbent to capture benzene. The irregularly 
shaped pores of LCAC4 were investigated for SGBA (10 
to 400 mg/L) at different RH (0 and 80%). RH precisely 
reduced the benzene MAC at low initial benzene concen-
tration compared with dry conditions. The kinetic study 
of single-component benzene adsorption data on LCAC4 
presented that the adsorption rate was controlled mainly 
by PSOM. The majority of our test conditions favored the 

Table 5   Adsorption kinetics model parameters for binary benzene adsorption onto LCAC4

Conditions qe, exp (mg g−1) PFOM PSOM

qe (cal) (mg g−1) kl (min−1) R2 qe (cal) (mg g−1) k2 (g/mg/min) R2

10 mg/L, 25 °C, 0 RH% 6.423 ± 0.23 1.206 ± 0.05 0.123 ± 0.00 0.869 ± 0.037 5.421 ± 0.02 0.058 ± 0.08 0.998 ± 0.002
10 mg/L, 45 °C, 0 RH% 7.511 ± 0.12 1.222 ± 0.07 0.102 ± 0.003 0.877 ± 0.022 6.602 ± 0.02 0.087 ± 0.05 0.999 ± 0.001
10 mg/L, 25 °C, 80 RH% 6.26 ± 0.19 2.006 ± 0.008 0.059 ± 0.002 0.942 ± 0.037 2.14 ± 0.02 0.075 ± 0.04 0.991 ± 0.002
10 mg/L, 45 °C, 80 RH% 6.31 ± 0.20 2.192 ± 0.00 0.075 ± 0.008 0.932 ± 0.037 2.39 ± 0.02 0.047 ± 0.01 0.984 ± 0.002
400 mg/L, 25 °C, 0 RH% 51.50 ± 0.24 12.731 ± 0.14 0.047 ± 0.008 0.856 ± 0.037 16.46 ± 0.02 0.063 ± 0.06 0.979 ± 0.003
400 mg/L, 45 °C, 0 RH% 74.50 ± 0.36 14.225 ± 0.23 0.063 ± 0.003 0.458 ± 0.037 22.97 ± 0.02 0.075 ± 0.09 0.987 ± 0.004
400 mg/L, 25 °C, 80 RH% 43.40 ± 0.23 10.354 ± 0.25 0.041 ± 0.004 0.569 ± 0.037 18.36 ± 0.02 0.047 ± 0.08 0.994 ± 0.001
400 mg/L, 45 °C, 80 RH% 38.70 ± 0.31 9.852 ± 0.36 0.076 ± 0.005 0.806 ± 0.037 16.83 ± 0.02 0.063 ± 0.04 0.973 ± 0.003

Table 6   Thermodynamic results for SGBA onto LCAC4

Tempera-
ture (°C)

ΔH° (kJ mol−1) ΔS° (kJ mol−1) ΔG° (kJ mol−1)

25 60.81 0.27  − 21.02
45 2275.96 96.28  − 598.77
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Freundlich isotherm as a convenient option to simulate 
the experimental data and spontaneous process involving 
physical adsorption and exothermic nature at different 
initial conditions. Temperature-release adsorption/desorp-
tion studies for benzene were carried out to investigate 
the reusability of utilized LCAC4 under various operating 
conditions. It was observed that benzene adsorption capac-
ity of LCAC4 showed a good performance in dry condi-
tions after five sorption cycles. According to the general 
conclusions of the present work, LCAC4 has aroused great 
attention and is a highly appropriate capture adsorbent to 
abate the emissions of benzene under challenging envi-
ronmental requirements. It can be exploited to promote 
improved viability for real-life field situations (ambient 
pressure, temperature, concentrations, and high humidity) 
and further experiments for maximizing regeneration must 
be done.
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